Getting Rid of the Bad Apple: Inflammasome-Induced Extrusion of Salmonella-Infected Enterocytes  by Broz, Petr
Cell Host & Microbe
PreviewsGetting Rid of the Bad Apple:
Inflammasome-Induced Extrusion
of Salmonella-Infected EnterocytesPetr Broz1,*
1Focal Area Infection Biology, Biozentrum, University of Basel, 4056 Basel, Switzerland
*Correspondence: petr.broz@unibas.ch
http://dx.doi.org/10.1016/j.chom.2014.07.010
Two reports in this issue of Cell Host & Microbe (Sellin et al., 2014; Knodler et al., 2014) establish the cell-
intrinsic inflammasome-induced extrusion of infected enterocytes as a general defense mechanism against
acute bacterial infections.In the gastrointestinal tract, a single
epithelial layer separates the lumen and
its microbial contents from the host.
Historically, the epithelium has been re-
garded primarily as a mechanical barrier,
while immune cells in the underlying lam-
ina propria and lymphoid tissue were
considered the main immunological re-
sponders to invading enteric pathogens.
However, recent results indicate that gut
epithelial cells express a variety of innate
immune sensors that allow them to detect
pathogens and respond accordingly
through the release of antimicrobial
factors, enhanced mucin production,
and cytokine secretion. Now, two recent
studies from Sellin et al. (2014) and Kno-
dler et al. (2014) published in this issue
of Cell Host & Microbe have identified
inflammasome-induced host cell death
(pyroptosis) as a mechanism by which
enterocytes restrict the replication of
the enteric pathogen Salmonella enterica
serovar Typhimurium (referred to as Sal-
monella from here on) (Figure 1).
Inflammasomes are activation plat-
forms for inflammatory caspases and pro-
mote the maturation of cytokines (inter-
leukin (IL)-1b/-18) and the induction of
pyroptosis, a form of host cell death. Ca-
nonical inflammasomes trigger caspase-
1 activation, while the recently identified
noncanonical inflammasome pathway re-
sults in activation of caspase-11 in mice
(Kayagaki et al., 2011). Inflammasome
complexes are assembled by members
of the NOD-like receptor (NLR) or
PYHIN protein family upon detection of
pathogen-associated molecular patterns
(PAMPs) and endogenous danger signals
in the cytosol of host cells. Interestingly,
Salmonella, a model enteric pathogen,was one of the first bacteria shown
to trigger inflammasome activation in
cultured macrophages. Salmonella enter-
ica is a food-borne pathogen that causes
gastroenteritis, and host-adapted strains
can even result in systemic disease. Sal-
monella uses its SPI-1 type 3 secretion
system (T3SS) to invade epithelial cells
and theSPI-2 T3SS to establish a vacuolar
compartment called SCV (Salmonella-
containing vacuole) and to survive within
phagocytes during systemic phases of
infection. In primary macrophages intra-
cellular recognition of Salmonella is based
on two types of inflammasomes: flagellin
and structural components of the Salmo-
nella T3SSs are detected by the Naip/
NLRC4 inflammasome, while Salmonella
LPS can trigger the noncanonical inflam-
masome after the bacteria enter the host
cell cytosol, resulting in the activation of
caspase-11 and the NLRP3 inflamma-
some (Broz et al., 2010, 2012; Meunier
et al., 2014). Interestingly, these pathways
seem to play redundant roles in vivo, since
only mice double-deficient for caspase-
1/-11 or NLRC4/NLRP3 are more suscep-
tible to systemic Salmonella infections
(Broz et al., 2010; Lara-Tejero et al.,
2006). However, using the streptomycin
(Sm)-pretreated mouse model for Salmo-
nella gastroenteritis, previous reports
have found an exclusive role for NLRC4
and caspase-1 in mucosal pathology and
protection against Salmonella dissemina-
tion (Franchi et al., 2012; Lara-Tejero
et al., 2006), yet none of these studies
have addressed the early stages of the
infection and the role of inflammasomes
specifically in epithelial cells.
Sellin et al. (2014) have now examined
the early steps of Salmonella interactionCell Host & Microbe 16with the epithelium and the corresponding
host response in Sm-pretreated mice.
Following a short phase of lumenal
expansion, Salmonella started to colonize
the gut epithelium at 6 hr postinfection,
leading to a rapid increase in intraepithe-
lial Salmonella loads and the formation
of clonal intracellular microcolonies of up
to 20 Salmonella bacteria. However,
epithelial loads and number of microcolo-
nies reached a plateau at 12 hr postinfec-
tion and started to decline again after
18 hr, indicating that a yet undefined
mechanism restricts Salmonella growth
in epithelial cells. This drop in bacterial
loads correlated with increased extrusion
of infected enterocytes out of the epithe-
lium and into the lumen, suggesting
that expulsion of epithelial cells may
restrict Salmonella replication. Consis-
tently expelled epithelial cells were more
likely to harbor Salmonella than corre-
sponding cells in the adjacent tissue. To
define which mechanism drives entero-
cyte extrusion, Sellin et al. (2014) exam-
ined if the Naip/NLCR4 inflammasome,
previously implicated in controlling the
host response to Salmonella in the gut
(Franchi et al., 2012), restricts the intraepi-
thelial niche of Salmonella. Mice deficient
for the Naip1-6 locus or Nlrc4 displayed
delayed pathology following Salmonella
infection, massively increased loads of
intraepithelial Salmonella at 18 hr postin-
fection, and large numbers of microcolo-
nies. Consistent with the Naip/NLRC4
axis controlling enterocyte extrusion, Sal-
monella were largely absent in expelled
epithelial cells. Interestingly, additional
Naip/NLRC4-independent mechanisms
restrict Salmonella at later time points
(see below), since bacterial loads start to, August 13, 2014 ª2014 Elsevier Inc. 153
Figure 1. Inflammasome Activation Restricts Salmonella Replication in Epithelial Cells
S. Typhimurium uses its virulence-associated SPI-1 T3SS to invade gut epithelial cells, where it replicates within the Salmonella-containing vacuole (SCV). Hyper-
replication of a subset ofSalmonella during the early phase of the infection results in the formation of intraepithelial microcolonies and subsequent detection of the
bacteria by the Naip/NLRC4 inflammasome and activation of caspase-1. During later stages of the infection, hyperreplication can also occur if Salmonella escape
from the SCV into the cytosol. Lipopolysaccharide (LPS) from cytosolic Salmonella then triggers caspase-11 activation via the noncanonical inflammasome
pathway. Activation of either caspase-1 or caspase-11 ultimately results in pyroptotic host cell death and the extrusion of infected cells into the gut lumen, which
in effect limits Salmonella replication. In addition, inflammasome activation also results in cytokine secretion, which promotes the recruitment and activation of
immune cells and triggers mucosal inflammation.
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after 36 hr. Inflammasome activation
could trigger enterocyte extrusion intrinsi-
cally or indirectly via intercellular signaling
through released cytokines. Yet since
wild-type, IL-1ab/, and IL-18/ mice
had comparable Salmonella loads, an
intrinsic effect, most likely by the induc-
tion of pyroptosis, is the mechanism
by which the inflammasome promotes
enterocyte extrusion. To address this
directly, the authors performed a series
of elegant bone marrow transfer experi-
ments, demonstrating that the activity of
the Naip/NLRC4 inflammasome is specif-
ically required in epithelial cells to restrict
Salmonella replication.
A second study by Knodler et al. (2014)
investigates the role of the noncanoni-
cal inflammasome in the Sm-pretreated
mouse model. Cultured polarized human
colonic epithelial cells are known to
respond to Salmonella by undergoing py-
roptosis and releasing IL-18. Unexpect-
edly, the current study revealed that IL-
18 secretion did not require caspase-1
but was instead dependent on caspase-
4, the human homolog of mouse cas-
pase-11. Consistently, cecal IL-18 pro-
duction in Sm-pretreated mice infected154 Cell Host & Microbe 16, August 13, 2014with Salmonella was largely caspase-11
dependent. Salmonella occupies two
distinct niches in infected epithelial cells:
following internalization, bacteria estab-
lish themselves in the membrane-bound
SCV, but a subset of bacterial escape
the SCV and hyperreplicate in the cytosol.
Previously, Knodler et al. (2010) reported
that epithelial cells containing such cyto-
solic bacteria undergo cell death and are
shed from the monolayer. Consistent
with a role of caspase-4 in controlling
this response in cultured cells, knock-
down of caspase-4 resulted in decreased
extrusion of infected epithelial cells and
higher levels of colony-forming units and
Salmonella microcolonies. This response
was independent of IL-18 production,
indicating that pyroptosis promoted en-
terocyte extrusion and that epithelial cell
shedding might constitute a key antimi-
crobial response of intestinal epithelial
cells to Salmonella infection. Indeed,
Casp-11/ mice harbored significantly
higher Salmonella loads in cecal tissue
and lumen than wild-type animals 7 days
postinfection, while in line with previous
findings caspase-11 deficiency had no
effect on systemic Salmonella loads
(Broz et al., 2012). Casp-11/ animalsª2014 Elsevier Inc.also displayed numerous epithelial cells
containing Salmonella microcolonies,
a colonization phenotype rarely seen
in wild-type controls. Importantly, this
phenotype was not restricted to the gut
mucosa, but also extended to other sites
of Salmonella colonization, namely the
gall bladder epithelium, thus uncovering
a general role for caspase-11 in restricting
bacterial burden in epithelial cells.
Enterocyte extrusion maintains homeo-
stasis and the barrier function of the gut
epithelium, and accelerated extrusion
is observed during infection with many
enteric pathogens. The studies by Sellin
et al. (2014) and Knodler et al. (2014) are
the first to define inflammasome activa-
tion as an the mechanism by which enter-
ocyte extrusion is controlled during infec-
tion and which restricts colonization by
invading bacterial pathogens. Interest-
ingly, by focusing on different stages of
Salmonella infection, the studies show
that different types of inflammasomes
can be activated, thus revealing that in-
flammasome-based mucosal defense is
remarkably multilayered. Besides Sal-
monella, other enteric bacteria such as
EPEC and Shigella flexneri are known to
activate inflammasomes within epithelial
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tors that inhibit caspase activation in en-
terocytes (Shigella OspC3) (Kobayashi
et al., 2013), further suggesting that in-
flammasome-mediated enterocyte extru-
sion is a general antimicrobial defense
mechanism.
Interestingly, both papers exclude a
role for secreted cytokines in epithelial
cell expulsion and show that it is
an epithelium-intrinsic mechanism. Since
apoptotic epithelial cells are normally
removed via extrusion, it is likely that in-
flammasomes induce the host cell death
observed in this context (i.e., pyroptosis
drives extrusion). Yet unlike pyroptotic
macrophages, extruded cells maintain
membrane integrity, raising the possibility
that pyroptosis proceeds with different
kinetics and is uncoupled frommembrane
permeabilization in enterocytes or that
caspases control distinct unidentified
substrates or signaling pathways in these
cells.
An open question is why host defense
switches from Naip/NLRC4-mediated
to caspase-11-mediated restriction be-
tween the early and late phase of Salmo-
nella infection. This might be linked to the
fact that gut lumen and epithelium harbor
different populations of Salmonella that
express distinct sets of potential PAMPs,
occupy different subcellular compart-
ments, and as a result trigger distinct
innate immune responses and replicate
with different kinetics. For example, it is
still unclear which Salmonella ligandstrigger Naip/NLRC4 activation and if and
how the expression of these ligands
changes over the course of several days,
since Salmonella is known to downregu-
late SPI-1 and flagellin expression after
the initial phase of the invasion. In this re-
gard, the activation of the noncanonical
inflammasome, which appears to be de-
layed and weaker than the Naip/NLRC4
inflammasome, would serve as back-up
response once the bacterium adapts to
the host innate immune response. Another
important aspect is why some bacteria
start to hyperreplicate and in which
subcellular compartment this hyper-
replication happens, since subcellular
localization limits PAMP availability and
detection by cytosolic host sensors (Meu-
nier et al., 2014). Consistent with pub-
lished work, Knodler et al. (2014) report
that activation of the noncanonical inflam-
masome requires that Salmonella escape
the SCV and replicate in the cytosol,
where their LPS isdetected.Nevertheless,
which host or bacterial factors control
SCV escape is still largely unexplored
(Meunier et al., 2014). Finally, it remains
to be solved how or if elevated bacterial
cfu in Naip1-6-, Nlrc4-, or Casp-11-defi-
cient animals can translate into increased
colonization of systemic sites, since
Nlrc4/ or Casp-11/ animals do not
harbor higher Salmonella loads in sys-
temic organs (Broz et al., 2010, 2012;
Lara-Tejero et al., 2006). Nevertheless,
both studies significantly expand our cur-
rent understanding of mucosal defenses,Cell Host & Microbe 16and follow-up work will explore the
outstanding questions.
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